10

11

Spatiotemporal variation in the long-term fish assemblages of Buck Creek,

Delaware County, Indiana

Paul M. DeRolf* and Mark Pyron

Ball State University, Department of Biology, 2111 W. Riverside Ave., Muncie, IN 47306 USA

Drew Holloway

Muncie Sanitary District Bureau of Water Quality, 5150 W. Kilgore Ave, Muncie, IN 47304 USA

*Corresponding author: pauld3é6@ymail.com; 219-455-7089


mailto:Corresponding%20author:%20pauld36@ymail.com

12
13

14

15

16

17

18

19

20

21

22

23

24

25
26

Abstract

Buck Creek is a spring-fed, cool-water tributary of the West Fork White River, Indiana. The
Muncie Bureau of Water Quality sampled fishes and monitored water temperature in Buck Creek
annually from 1986-2018. For this study, we utilized long-term fish data from the Bureau of
Water Quality to evaluate spatial and temporal changes in the fish assemblages of Buck Creek in
Delaware County, Indiana, USA. Non-metric multidimensional scaling (NMDS) was used to
describe changes in the fish assemblages over space and time. Linear mixed effects models were
used to evaluate the relationship between environmental factors and the fish assemblages. The
spatial NMDS results were separated in distinct groups of upstream and downstream
assemblages. This was characterized by a shift of headwater specialists shifting to large-river
species. The temporal NMDS results were separated into distinct annual assemblages. This was
characterized by a drop in pollution-tolerant species and an increase in intolerant species. Our

findings indicate that the fish assemblages have improved in Buck Creek over space and time.
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INTRODUCTION

The assessment of fish assemblages by management agencies is typically conducted once a
year and at one or few sites, based on funding, schedules, and weather. However, fish
assemblages vary spatially and temporally due to natural and anthropogenic factors including
agriculture, surface run-off, and deforestation (Allan 2004). Assemblages differ between rural
and urban watershed land-use types in accordance with abiotic factors such as water temperature,
sedimentation, and habitat availability (Falke and Fausch 2010). In addition, fishes require
multiple habitats to complete life cycles including spawning, growth, and refuge (Falke and
Fausch 2010). Access to habitats can be limited, depending on the fish species and time of year

(Roy and Le Pichon 2017).

Lotic environments are excellent systems to study due to the environmental variation that
occurs (Grossman and Sabo 2010). Lotic systems that experience high flow variability are
typically dominated by generalist species (Poff et al. 2006). Streams with decreased disturbances
such as low flow variability are predicted to be dominated by specialists (Poff and Allan 1995).
Spring-fed streams are an example of a low disturbance ecosystem, based on low discharge
variability that might be dominated by specialist species. In addition, fish assemblages of spring-
fed streams frequently vary along the upstream-downstream gradient (Herbert and Gelwick
2003). Stream volume increases with downstream distance, further complicating disturbance
patterns with biota, and species richness of fish assemblages increases with stream size

(Grenouille et al. 2004, Xenopoulos and Lodge 2006, Roberts and Hitt 2010).

Human activities on the landscape that have consequences for stream environments include
agriculture and urbanization (Infante and Allan 2010). Agricultural land-use is a threat to stream

ecosystems (Allan 2004). Tile-drained, row crop agriculture results in hydrologic alterations
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(Pyron and Neumann 2008) with increased input of pollutants and sediments into streams
(Schilling and Helmers 2008). Row-crop agriculture management additionally promotes altered
riparian vegetation (Allan 2004). Stream bank vegetation further contributes to in-stream
temperature variation (Johnson 2004, Carlson et al. 2014). Rutherford et al. (1997) found that the
removal of riparian vegetation results in increased stream temperatures. Knowledge of how
stream temperature responds to riparian shading can improve best management practices or
restoration (Johnson 2004). Urbanization is an additional land-use extreme, that produces higher
surface runoff, peak flow magnitude increase, and water quality degradation (Rose and Peters
2001, Wang et al. 2001). Urbanized streams have increased pollution concentrations and

decreased riparian connectedness (Violin et al. 2011).

Effective evaluation of fish assemblages is improved with long-term data (Poff and Allan
1995). Matthews and Marsh-Matthews (2017) described how long-term datasets for fish
assemblages have become more available within recent decades. Ecological processes often
require years to complete (Franklin 1989) and stream fish assemblages have high temporal
variation. A lack of long-term data limits the understanding of mechanisms that drive

biodiversity loss in freshwater ecosystems (Jeppesen et al. 2012).

The objectives of this study were to (1) evaluate spatial and temporal variation in the fish
assemblages from 1986 to 2018 in Buck Creek, Indiana and (2) demonstrate the value of a long-
term dataset. We classified fishes by taxonomic names, trophic traits, pollution tolerance
classifications, and analyzed subsequent assemblages for variation that was correlated with
environmental variables. We initially hypothesized that fish assemblages would differ
predominately with the upstream-downstream gradient. Upstream assemblages are expected to

be nested sub-sets of downstream assemblages and composed of habitat or headwater specialists;
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downstream assemblages are expected to be dominated by large-river species (Taylor and
Warren 2001). We predicted that the implementation of the 1972 Clean Water Act, would shift
fish assemblages from being mainly pollution-tolerant species to more intolerant species. Finally,
we tested if fish assemblages varied due to in-stream temperature differences and stream bank

shading.

METHODS
Study Area

The study was performed on Buck Creek in east-central Indiana. Buck Creek is a mid-sized
stream, that flows 37.7 km through Henry and Delaware Counties (Figure 1). It has a mean
channel width of 10 m and a drainage area of 259 km?. The system is a spring-fed, cool-water
tributary of the West Fork White River in Muncie, Indiana. The watershed is dominated by row
crop agriculture (72%) and urbanization (15%) (USDA 2011). Riparian stream banks are
dominated by woody vegetation with scattered grassy strips installed by landowners to manage

agriculture runoff.

Field sampling and data analysis

Fishes were sampled annually from 1986-2018 by the Muncie Sanitary District’s Bureau of
Water Quality (BWQ) at 19 sites in Buck Creek in Delaware and Henry County, IN. For this
study, we focused on fish data that were collected by tote-barge electrofishing (Holloway 2018).

Field sampling was performed when site turbidity was <40 Nephelometric Turbidity Units.
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One tote-barge site was removed due to having one completed sample. Species that were
collected only once in the period or were identified to family (not species) were removed from
analyses. All analyses used data converted into catch per unit effort (CPUE) by site distance.
Annual species turnover rates were calculated in the codyn package in R with the turnover
function. Year-to-year species turnover can mask assemblage composition when measured by
species richness alone (Collins et al. 2008; Cleland et al. 2013). We combined focal and previous
year observations for proportional species turnover calculated as ([number of species gained] +
[number of species lost]) / (total number of species) (Rusch and van der Maarel 1992; Cleland et
al. 2013). We confirmed species turnover rates as coefficients of variation (CV/CVs) for all
species in all samples. Use of coefficients of variation provides a robust estimation of stability
for populations/assemblages (Grossman et al. 1990; Matthews 1998). Lower CV values indicate
greater stability for the assemblage, whereas higher values indicate assemblages that are less

stable. We used simple linear regression analysis to determine if CV varied with year.

We used nonmetric multidimensional scaling (NMDS) in RStudio (R Core Team, 2019) to
ordinate fish assemblages using the vegan package version 2.5-5 (Oksanen et al. 2019,
ordiellipse and anosim functions). We used Bray-Curtis distances in NMDS and reduced the
final solution to a two-dimensional configuration. Ordination plots were visually examined for
assemblage variation among sites along the upstream-downstream gradient and years. NMDS is
a useful tool for graphical representation of large ecological datasets (Kenkel and Orléci 1986).
Analysis of similarity (ANOSIM) was used to test our hypotheses from the NMDS ordinations.
ANOSIM compares mean dissimilarities between groups to mean dissimilarities within the

groups (Clarke 1993). CPUE data were log (x + 1) transformed for all NMDS ordinations.
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Fish species were categorized by trophic classification (Poff and Allan 1995). Feeding
behavior for adult fishes of Buck Creek were from Simon (2011). Tolerance classifications were
scored from Simon and Dufour (1998) and tested. We utilized relative abundances of CPUE data

for both trophic guild and tolerance analyses.

Rainfall data for Delaware Co., IN were obtained from the National Oceanic and

Atmospheric Association (NOAA) from April 1986 through September 2018

(https://www.ncdc.noaa.gov/cag/county/time-series/IN-035/pcp/1/4/1986-2018). Rainfall was

predicted to influence stream temperature of Buck Creek (Subehi et al. 2010). Stream bank
shading was tested with time to determine if it was related to in-stream temperature. Shading was
manually analyzed in ArcGIS Pro. A buffer of 12 m was generated along Buck Creek, with 12 m
wide transect lines placed every 30.5 m (Appendix C). Shading was given a value of 0 (no
shading), 1 (one bank was shaded), or 2 (both banks were shaded). Available aerial imagery of
Delaware County was overlaid, and evaluated, for the years 1994, 1998, 2003, 2005, 2006, 2007,
2008, 2010, 2012, 2014, 2015, and 2016. Once shading evaluation was scored, each year class
was summed for a cumulative score. Scores were examined for temporal variation by year with

nonparametric correlations.

We utilized a linear mixed effects model to evaluate species richness, CPUE, trophic guilds,
tolerance traits, and in-stream temperature over space and time. Because sites were visited each
year and the sites are close in proximity to one another (closest sites were 0.5 km apart), each site
was treated as a random effect to account for pseudoreplication induced by location. Cohen’s d
was calculated for effect size of each linear mixed effects model. All analyses were performed in
RStudio environment version 1.2.5033 (R Core Team, 2019). Linear mixed effects model used

the Ime4 package version 1.1-21 (Bates et al. 2019).
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RESULTS

The dataset consisted of 32 years of collections at 15 sites from 1986-2018 (Figure 1). A total
of 52,213 individuals from 49 species were collected during 205 sampling events (Appendix A).
The most abundant family of fish from Buck Creek were Cyprinidae (31%) with 18 species. The
most abundant species was Cottus bairdii with relative abundance of 29%. According to mixed
effects models analysis, species richness increased (F3;,171 = 14.44, p < 0.001, d = 0.35) with
space and time (slope = 0.07, p = 0.03, Figure 2). Catch per unit effort decreased (Fs;,71 = 5.67, p
<0.001, d = -0.68) with space and time (slope = -0.02, p = 0.05, Figure 3). Annual turnover rate
of species in the assemblages decreased (Fi = 16.27, p <0.001) with time (= 0.35, p <0.001,
Figure 4). Annual coefficient of variation for fishes of Buck Creek increased (F,; = 22.28, p <

0.001) with time (= 0.43, p <0.001, Figure 5).

The spatial NMDS analysis suggested that upstream site fish assemblages (km 20.1-23.9)
were distinctly different from downstream site fish assemblages (km 0.3-1.4), and middle site
fish assemblages (km 4.9-18.2) ordinated by group (stress = 0.13, Figure 6). The ANOSIM test
revealed a difference among the fish assemblages of the sites (R = 0.54, p <0.001). A reduction
in CPUE for Least Brook Lamprey (Lampetra aepyptera) and increase in Black Redhorse
(Moxostoma duquesnei) and River Chub (Nocomis micropogon) with downstream distance was
summarized by the spatial NMDS (Figure 6). The NMDS analysis for annual samples suggested
early period fish assemblages (1986-1998) were distinctly different from late period fish
assemblages (2010-2018), and middle period fish assemblages (1999-2009) plotted within these
groups (stress = 0.13, Figure 7). The ANOSIM test revealed differences among the fish

assemblages of the annual samples (R = 0.18, p <0.001). There was a decrease in Common Carp
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(Cyprinus carpio) CPUE and an increase in Golden Redhorse (Moxostoma erythrurum) and

Rock Bass (Ambloplites rupestris) from early to late years, respectively (Figure 7).

We found 12 pollution tolerant species with an average relative abundance of 42.9% and 18
pollution intolerant species with an average relative abundance of 16.1% (Appendix B).
Pollution tolerant species relative abundance decreased (Fs,174 = 29.21, p < 0.001, d = 1.45) with
space and time (r = 0.34, p <0.001, Fig. 8A). The farthest upstream site (km 23.9) had the
highest y-intercept, indicating the fish assemblages had more pollution tolerant species.
However, all sites showed a decrease in pollution tolerant species with time. Intolerant species
relative abundance increased (F30,174 = 29.21, p < 0.001, d = -1.42) with space and time (slope =
0.01, p <0.001, Fig. 8B). The most upstream site (km 23.9) had the lowest y-intercept,
indicating the fish assemblages had fewer pollution intolerant species. However, all sites
demonstrated an increased relative abundance of intolerant species with time. We identified four
trophic guilds: herbivore-detritivore, invertivore, omnivore, and piscivore. Spatially, mean
invertivore relative abundance was 75%, and mean omnivore relative abundance was 18%.
Invertivores and omnivores were temporally dominant too, with invertivores at 60% mean
relative abundance, and omnivores at 31% mean relative abundance. Relative abundance of
herbivore-detritivores decreased (F3o,174 = 1.86, p = 0.007, d = -0.35) with space and time (slope
=-0.01, p = 0.02, Figure 9A). Invertivore relative abundance increased (F174 = 2.26, p < 0.001,
d =0.12) with space and time (slope = 0.02, p = 0.01, Figure 9B). Omnivore relative abundance
did not vary (F3o174 = 0.4, p = 0.98, d = 0.01) with space and time (slope = 0, p = 0.6, Figure 9C).
Piscivore relative abundance decreased (F5,174 = 8.48, p <0.001, d = -0.23) with space and time

(slope =-0.01, p = 0.05, Fig. 9D). In-stream temperature decreased (F30,74 = 5.21, p <0.001, d =
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-1.23) with space and time (slope =-0.16, p < 0.001, Figure 10). Rainfall for Delaware County

did not vary with time. Stream bank shading along Buck Creek increased with time (» = 0.84)

DISCUSSION

We observed large changes in the fish community structure of Buck Creek in Delaware
County, IN during a 32-year period. Assemblages differed along the upstream-downstream
gradient and with time. Spatial variation may be a response to decreased water temperatures. We
suggest that significant spatial and temporal trends in water temperature (Figs. 6 and 7) were a
result in land management practices and water quality. Multiple fish species and functional traits
differed in relative abundance along the longitudinal gradient. This study found that Buck Creek
is a cyprinid-dominated system. We found that upstream reaches of Buck Creek were driven by
habitat-specific species, while downstream reaches were driven by large-river species. For
example, the Least Brook Lamprey, Lampetra aepyptera, require clean, flowing headwater
streams for spawning and other life history processes (Rice and Zimmerman 2019).

Trajectories of spatial change in fish assemblages of Buck Creek were gradual and
directional. Site assemblage changes resulted in a directional shift in the ordination (Fig. 6).
Temporal change in Buck Creek fish assemblages were also gradual and directional. Assemblage
changes resulted in a leftward shift on the ordination (Fig. 7). Pyron and Deegan (in review)
identified similar temporal changes in fish assemblages that they identified as saltatory and either
non-directional or directional (as defined by Matthews 1998) within the St. Joseph River of
Elkhart and South Bend, Indiana. Spatial fish assemblage variation in Buck Creek was correlated

with stream size and habitat availability, in addition to spatial variation in water temperature.
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Holloway (2018) found increased Index of Biological Integrity scores for Buck Creek along
the upstream-downstream gradient using recent data. We confirmed that the long-term fish
assemblage quality in Buck Creek increased significantly with space and time; the number of
sensitive species increased with downstream distance. Reash and Berra (1987) found a similar
pattern in two Ohio streams, where pollution intolerant species increased with downstream
distance. Figs. 8a and 8b depict these improvement patterns as tolerant and intolerant fishes over
space and time. Holloway et al. (2018) observed fish assemblages shifting from pollution-
tolerant species to sensitive species in a long-term study of the West Fork White River, Indiana.
McClelland et al. (2012) found that sensitive and state-threatened species have increased within
the Illinois River since the 1990s. We found that the Buck Creek fish assemblages during this
period have changed, with higher CPUE of invertivores and decreased CPUE of omnivores.

During this period, in-stream temperature of Buck Creek decreased by an average of 2° C.
In-stream temperature increased along the upstream-downstream gradient. We tested rainfall of
Delaware County, IN, and riparian shading as potential drivers for the overall decrease in stream
temperature. Rainfall patterns for Delaware County over the past 32-years were consistent.
Aerial image analysis showed an in increased stream bank shading along Buck Creek during this
time. We found that shading varied spatially, but there was an overall decrease from upstream to
downstream. This pattern coupled with decreased groundwater input may explain the increase in
in-stream temperature with downstream distance.

Conservation reserve programs (CRP) were initiated in 1985 to allow the Farm Service

Agency of the USDA to pay farmers for establishing long-term restoration areas

(https://www.fsa.usda.gov/programs-and-services/conservation-programs/conservation-reserve-

program/, 2019). The increased stream bank shading we observed may be a result from CRP in



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

the Buck Creek watershed. Metzke and Hinz (2017) implemented a stream monitoring program
for the Kaskaskia River Basin in Illinois to assess effectiveness of these conservation reserve
areas. Metzke and Hinz (2017) reported that CRP/CREP land resulted in only small effects on
Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies) assemblages.
Kalaninova et al. (2014) found that stream bank shading regulated water temperature and
sensitive caddisfly communities. We suggest that CRPs in Buck Creek likely had little effect on
the macroinvertebrate assemblage.

Long-term datasets can be an effective asset in evaluating changes to ecological communities
and underlying mechanisms (Franklin 1989). Smith et al. (2018) found that both water quality
and aquatic macroinvertebrate communities improved following the Clean Water Act. Pyron et
al. (2019) found modifications in Ohio River fish assemblages and changes in land-use over 57
years. A similar long-term dataset for the West Fork White River, Indiana resulted in fish body
size and geographic range not explaining fish assemblage variation (Jacquemin and Doll 2014).
Using a long-term, historical dataset for Ontario lakes Finigan et al. (2018) found that fish
communities shifted from cyprinid-dominated to centrarchid-dominated. Hughes et al. (2017)
found the scientific community valuing long-term studies more highly than short-term studies.
Long-term studies have a large influence of informing environmental policies (Hughes et al.
2017).

In summary, Buck Creek, Indiana fish communities appear to be improving, likely due to
increased water quality and vegetated riparian zones. We recommend further conservation efforts
including increased riparian vegetation coverage at downstream sites and other best management

practices. Similar patterns are likely present for stream fish assemblages elsewhere. Long-term
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datasets, like the one used here, tell a story focused on the community, and allow local scientists/

managers to see if their current practices are effective or need to be changed.

ACKNOWLEDGEMENTS

This research was possible due to the Muncie Sanitary District’s Bureau of Water Quality
and their exceptional effort to produce quality ecological data for the Buck Creek, the West Fork
White River and its many tributaries. I would like to thank Ball State University for providing
the facilities and supplies needed to conduct this research. Randall Bernot and Paul Venturelli

provided comments on an earlier draft.

DATA ACCESSIBILITY
- Buck Creek site assemblages
- Final Buck Creek site assemblages uploaded as online
- DeRolf Buck Creek input file: Dryad doi:10.5061/dryad.m905qfv03
- Sampling location, river mile, species, trophic guild, count, and date: Dryad doi:10.5061/

dryad.m905qfv03

REFERENCES

Allan, J. D. 2004. Landscapes and riverscapes: The influence of land use on stream ecosystems.
Annual Review of Ecology, Evolution, and Systematics 35:257-284.

Bates, D., M. Maechler, B. Bolker, S. Walker, R. H. Bojesen, H. Singmann,B. Dai, F. Scheipl,
G. Grothendieck, P. Green, and J. Fox. 2019. Linear mixed-effects models using ‘eigen’

and s4. R package version 1.1-21. https://CRAN.Rproject.org/package=Ime4.



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Carlson, K. M., L. M. Curran, A. G. Ponette-Gonzalez, D. Ratnasari, Ruspita, N. Lisnawati, Y.
Purwanto, K. A. Brauman, and P. A. Raymon. 2014. Influence of watershed-climate
interactions on stream temperature, sediment yield, and metabolism along a land use
intensity gradient in Indonesian Borneo. Journal of Geophysical Research:
Biogeosciences 119:1110-1128.

Clarke, K. R. 1993. Non-parametric multivariate analyses of changes in community structure.
Australian Journal of Ecology 18:117-143.

Cleland, E. E., S. L. Collins, T. L. Dickson, E. C. Farrer, K. L. Gross, L. A. Gherardi, L. M.
Hallett, R. J. Hobbs, J. S. Hsu, L. Turnbull, and K. N. Suding. 2013. Sensitivity of
grassland plant community composition to spatial vs. temporal variation in precipitation.
Ecology 94:1687-96.

Collins, S. L., K. N. Suding, E. E. Cleland, M. Batty, S. C. Pennings, K. L. Gross, J. B. Grace, L.
Gough, J. E. Fargione, and C. M. Clark. 2008. Rank clocks and plant community
dynamics. Ecology 89:3534-41.

Falke, J. A., and K. D. Fausch. 2010. From Metapopulations to Metacommunities: Linking
Theory with empirical observations of the spatial population dynamics of stream fishes.
Pages 207-233 in K. B. Gido and D. A. Jackson, editors. Community ecology of stream
fishes: concepts, approaches, and techniques. American Fisheries Society, Symposium
73, Bethesda, Maryland, USA.

Franklin, J. F. 1989. Importance and justification of long-term studies in ecology. Pages 3-19 in

G. E. Likens, editor. Long-term studies in ecology. Springer-Verlag, New York, USA.



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

Finigan, P. A., N. E. Mandrak, and B. L. Tufts. 2018. Large-scale changes in the littoral fish
communities of lakes in southeastern Ontario, Canada. Canadian Journal of Zoology
96:753-759.

Grenouillet, G., D. Pont, and C. Herisse. 2004. Within-basin fish assemblage structure: the
relative influence of habitat versus stream spatial position on local species richness.
Canadian Journal of Fisheries and Aquatic Sciences 61:93-102.

Grossman, G. D., J. F. Dowd, and M. Crawford. 1990. Assemblage stability in stream fishes: a
review. Environmental Management 14:661-671.

Grossman, G. D., and J. L. Sabo. 2010. Incorporating environmental variation into models of
community stability: Examples from stream fish. Pages 407-426 in K. B. Gido and D. A.
Jackson, editors. Community ecology of stream fishes: concepts, approaches, and
techniques. American Fisheries Society, Symposium 73, Bethesda, Maryland, USA.

Herbert, M. E., and F. P. Gelwick. 2003. Spatial variation of headwater fish assemblages
explained by hydrologic variability and upstream effects of impoundment. Copeia 2:273-
284.

Holloway, D. 2018. Muncie Sanitary District Bureau of Water Quality Annual Fish Community
Report. 1-146.

Holloway, D., J. Doll, and R. Shields. 2018. The temporal effects of heavy metal contamination
of the fish community of the West Fork White River, Delaware County, Indiana, USA.
Environmental Monitoring and Assessment 190:695.

Hughes, B. B., R. Beas-Luna, A. K. Barner, K. Brewitt, D. R. Brumbaugh, E. B. Cerny-
Chipman, S. L. Close, K. E. Coblentz, K. L. De Nesnera, S. T. Drobnitch, J. D. Figurski,

B. Focht, M. Friedman, J. Freiwald, K. K. Heady, W. N. Heady, A. Hettinger, A.



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

Johnson, K. A. Karr, B. Mahoney, M. M. Moritsch, A.-M. K. Osterback, J. Reimer, J.
Robinson, T. Rohrer, J. M. Rose, M. Sabal, L. M. Segui, C. Shen, C., Sullivan, R.
Zuercher, P. T. Raimondi, B. A. Menge, K. Grorud-Colvert, M. Novak, M. H. Carr.
2017. Long-term studies contribute disproportionately to ecology and policy. BioScience
67:271-281.

Infante, D. M., and J. D. Allan. 2010. Response of stream fish assemblages to local-scale habitat
as influenced by landscape: A mechanistic investigation of stream fish assemblages.
Pages 371-397 in K. B. Gido and D. A. Jackson, editors. Community ecology of stream
fishes: concepts, approaches, and techniques. American Fisheries Society, Symposium
73, Bethesda, Maryland, USA.

Jacquemin, S. J., and J. C. Doll. 2014. Body size and geographic range do not explain long term
variation in fish populations: A Bayesian phylogenetic approach to testing assembly
processes in stream fish assemblages. PLoS ONE 9:1-9.

Jeppesen, E., T. Mehner, 1. J. Winfield, K. Kangur, J. Sarvala, D. Gerdeaux, M. Rask, H. J.
Malmquist, K. Holmgren, P. Volta, S. Romo, R. Eckmann, A. Sandstrom, S. Blanco, A.
Kangur, H. R. Stabo, M. Tarvainen, A. -M. Ventela, M. Sondergaard, T. L. Lauridsen,
and M. Meerhoff. 2012. Impacts of climate warming on the long-term dynamics of key
fish species in 24 European lakes. Hydrobiologia 694:1-39.

Johnson, S. L. 2004. Factors influencing stream temperatures in small streams: substrate effects
and a shading experiment. Canadian Journal of Fisheries and Aquatic Sciences 61:913-
923.

Kalaninova, D., E. Bulankova, and F. Sporka. 2014. Caddisflies (Trichoptera) as good indicators

of environmental stress in mountain lotic ecosystems. Biologia 69:1030-1045.



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

Kenkel, N.C., and L. Orldci. 1986. Applying metric and nonmetric multidimensional scaling to
ecological studies: some new results. Ecology 67:919-928.

Matthews, W. J. 1998. Patterns in freshwater fish ecology. Chapman & Hall, Norwell,
Massachusetts, USA.

Matthews, W. J., and E. Marsh-Matthews. 2017. Stream fish community dynamics: A critical
synthesis. Johns Hopkins University Press, Baltimore, Maryland, USA.

McClelland, M. A., G. G. Sass, T. R. Cook, K. S. Irons, N. N. Michaels, T. M. O’Hara, and C. S.
Smith. 2012. The long-term Illinois River fish population monitoring program. Fisheries
37:340-350.

Metzke, B. A., and L. C. Hinz, Jr. 2017. Establishing an aquatic monitoring program to assess
the goals of the Illinois Conservation Reserve Program in the Kaskaskia River Basin.
Illinois Natural History Survey Technical Report. Champaign, Illinois, USA.

Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin, B.
O’Hara, G. L. Simpson, P. Solymos, H. H. Stevens, E. Szoecs, and H. Wagner. 2019.
Community ecology package. R package version 2.5-5.
https://CRAN.Rproject.org/package=vegan.

Poff, N. L., and J. D. Allan. 1995. Functional organization of stream fish assemblages in relation
to hydrological variability. Ecology 76:606-627.

Poff, N. L., B. P. Bledsoe, and C. O. Cuhaciyan. 2006. Hydrologic variation with land use across
the contiguous United States: Geomorphic and ecological consequences for stream
ecosystems. Geomorphology 79:264-285.

Pyron, M., and K. Neumann. 2008. Hydrologic alterations in the Wabash River watershed, USA.

River Research and Applications 24:1175-1184.



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

Pyron, M., M. C. Mims, M. M. Minder, R. C. Shields, N. Chodkowski, and C. C. Artz. 2019.
Long-term fish assemblages of the Ohio River: Altered trophic and life history strategies
with hydrologic alterations and land use modifications. PLoS ONE 14:1-16.

Pyron, M., and D. J. Deegan. In-review. Fish assemblages of the St. Joseph River watershed,
Indiana: Effects of mainstem dams. Copeia.

R Core Team. 2019. R: A language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. http://www.R-project.org/.

Reash, R. J., and T. M. Berra. 1987. Comparison of fish communities in a clean-water stream
and an adjacent polluted stream. The American Midland Naturalist 118:301-322.

Rice, D., and B. Zimmerman. 2019. A naturalist’s guide to the fishes of Ohio. Ohio Biological
Survey. Columbus, Ohio, USA.

Roberts, J. H., and N. P. Hitt. 2010. Longitudinal structure in temperate stream fish communities:
Evaluating conceptual models with temporal data. Pages 281-299 in K. B. Gido and D.
A. Jackson, editors. Community ecology of stream fishes: concepts, approaches, and
techniques. American Fisheries Society, Symposium 73, Bethesda, Maryland, USA.

Rose, S., and N. E. Peters. 2001. Effects of urbanization on streamflow in the Atlanta area
(Georgia, USA): A comparative hydrological approach. Hydrological Processes 15:1441-
1457.

Roy, M. L., and C. Le Pichon. 2017. Modelling functional fish habitat connectivity in rivers: A
case study for prioritizing restoration actions targeting brown trout. Aquatic
Conservation: Marine and Freshwater Ecosystems 27:927-937.

Rusch, G., and E. van der Maarel. 1992. Species turnover and seedling recruitment in limestone

grasslands. Oikos 63:139-146.



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

Rutherford, J. C., S. Blackett, C. Blackett, L. Saito, and R. J. Davies-Colley. 1997. Predicting the
effects of shade on water temperature in small streams. New Zealand Journal of Marine
and Freshwater Research 31:707-721.

Schilling, K. E., and M. Helmers. 2008. Effects of subsurface drainage tiles on streamflow in
Iowa agricultural watersheds: Exploratory hydrography analysis. Hydrological Processes
22:4497-4506.

Simon, T. P., and R. Dufour. 1998. Development of Index of Biotic Integrity expectations for the
ecoregions of Indiana: V. Eastern Corn Belt Plain. United States Environmental
Protection Agency, Region V, Water Division, Watershed and Nonpoint Source Branch,
IPA 905/R-96/002.

Simon, T. P. 2011. Fishes of Indiana: A field guide. Indiana University Press, Bloomington,
Indiana, USA.

Smith, A. J., B. T. Duffy, A. Onion, D. L. Heitzman, J. L. Lojpersberger, E. A. Mosher, and M.
A. Novak. 2018. Long-term trends in biological indicators and water quality in rivers and
streams of New York State (1972-2012). River Research and Applications 34:442-450.

Subehi, L., T. Fukushima, Y. Onda, S. Mizugaki, T. Gomi, K. Kosugi, S. Hiramatsu, H.
Kitahara, K. Kuraji, and T. Terajima. 2010. Analysis of stream water temperature
changes during rainfall events in forested watersheds. Limnology 11:115-124.

Taylor, C. M., and M. L. Warren Jr. 2001. Dynamics in species composition of stream fish
assemblages: Environmental stability variability and nested subsets. Ecology 82:2320-

2330.



407

408

409

410

411

412

413

414

415

416

417

418

United States Department of Agriculture (USDA). 2011. Natural Resources Conservation
Service, National Cartography and Geospatial Center, National Land Cover Dataset.

http://www.ncgc.nrcs.usda.gov.

Violin, C. R., P. Cada, E. B. Sudduth, B. A. Hassett, D. L. Penrose, and E. S. Bernhardt. 2011.
Effects of urbanization and urban stream restoration on the physical and biological
structure of stream ecosystems. Ecological Applications 21:1932-1949.

Wang, L., J. Lyons, and P. Kanehl. 2001. Impacts of urbanization on stream habitat and fish
across multiple spatial scales. Environmental Management 28:255-266.

Xenopoulos, M. A., and D. M. Lodge. 2006. Going with the flow: using species-discharge

relationships to forecast losses in fish biodiversity. Ecology 87:1907-1914.



419

420
421
422
423
424
425
426
427
428
429

430
431

432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

451
452

453

FIGURE LEGENDS
Figure 1. Sample sites on Buck Creek in Delaware County, Indiana, USA.

Figure 2. Results of linear mixed effects model (random slope and intercept for each sample
site) predicting species richness for fish assemblages of Buck Creek, Indiana. Lines correspond
to model predictions by sample site.

Figure 3. Results of linear mixed effects model (random slope and intercept for each sample
site) predicting catch per unit effort for fish assemblages of Buck Creek, Indiana. Lines
correspond to model predictions by sample site.

Figure 4. Annual turnover rate of fish assemblages in Buck Creek 1986-2018
Figure 5. Mean coefficients of variation of CPUE for all species by year for Buck Creek

Figure 6. Non-metric multidimensional scaling biplot of fish assemblages by site in Buck Creek
from 1986-2018

Figure 7. Non-metric multidimensional scaling biplot of temporal trends in annual fish
assemblages for Buck Creek from 1986-2018.

Figure 8. Results for linear mixed effects model (random slop and intercept by sample site)
predicting relative abundance of tolerant (A) and intolerant (B) fishes of Buck Creek, Indiana.
Lines correspond to model predictions by sample site.

Figure 9. Results of linear mixed effects model (random slope and intercept for each sample
site) predicting relative abundance for trophic guilds of fish assemblages in Buck Creek, Indiana.
Lines correspond to model predictions by sample site. Herbivore-detritivores (A), invertivores
(B), omnivores (C), and piscivores (D).

Figure 10. Results of linear mixed effects model (random slope and intercept for each sample
site) predicting in-stream temperature of Buck Creek, Indiana. Lines correspond to model
predictions by sample site.
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APPENDICES

Appendix 1: List of Species Collected From 1986-2018

Catostomidae (Suckers)
Carpiodes carpio
Catostomus commersoni
Hypentelium nigricans
Minytrema melanops
Moxostoma duquesnei
Moxostoma erythrurum

Quillback Carpsucker
White Sucker
Northern Hogsucker
Spotted Sucker
Black Redhorse
Golden Redhorse

Centrarchidae (Sunfishes)

Ambloplites rupestris
Centrarchidae Family
Lepomis cyanellus
Lepomis gibbosus
Lepomis macrochirus
Lepomis megalotis
Lepomis microlophus
Micropterus dolomieu
Micropterus salmoides
Pomoxis annularis
Pomoxis nigromaclatus
Cottidae (Sculpin)
Cottus bairdii
Cyprinidae (Minnows)
Campostoma anomalum
Cyprinella spiloptera
Cyprinella whipplei
Cyprinus carpio
Luxilus crysocephalus
Lythrurus umbratilis
Nocomis biggutatus
Nocomis micropogon
Notemigonus crysoleucas
Notropis buccatus
Notropis photogenis
Notropis rubellus
Notropis stramineus
Notropis volucellus
Pimephales notatus
Pimephales promelas
Rhinichthys obtusus
Semotilus atromaculatis

Rockbass

Hybrid Sunfish
Green Sunfish
Pumpkinseed
Bluegill

Longear Sunfish
Redear Sunfish
Smallmouth Bass
Largemouth Bass
White Crappie
Black Crappie

Mottled Sculpin

Central Stoneroller
Spotfin Shiner
Steelcolor Shiner
Common Carp
Striped Shiner
Redfin Shiner
Hornyhead Chub
River Chub
Golden Shiner
Silverjaw Minnow
Silver Shiner
Rosyface Shiner
Sand Shiner
Mimic Shiner
Bluntnose Minnow
Fathead Minnow
Western Blacknose Dace
Creek Chub

Esocidae (Pikes)
Esox americanus

Grass Pickerel

Gasterosteidae (Sticklebacks)

Culaea inconstans
Ictaluridae (Catfishes)
Ameiurus melas
Ameiurus natalis
Ictalurus punctatus
Noturus flavus
Percidae (Perches)
Etheostoma blennioides
Etheostoma caeruleum
Etheostoma nigrum
Etheostoma spectabile
Percina caprodes
Percina maculata

Brook Stickleback

Black Bullhead

Yellow Bullhead
Channel Catfish
Stonecat

Greenside Darter
Rainbow Darter
Johnny Darter
Orangethroat Darter
Logperch
Blackside Darter

Petromyzontidae (Lampreys)

Lampetra aepyptera

Least Brook Lamprey
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Appendix 2: Pollution Tolerant and Intolerant Species

Pollution Tolerant

Black Bullhead Amieurus Common Carp Cyprinus carpio  Green Sunfish Lepomis
melas cyanellus
Blacknose Dace  Rhinichthys Creek Chub Semotilus Quillback Carpiodes
atratulus atromaculatus carpio
Bluntnose Pimephales Fathead Pimephales White Sucker Catostomus
Minnow notatus Minnow promelas commersonii
Channel Catfish  Ictalurus Golden Shiner Notemigonus Yellow Amieurus
punctatus crysoleucas Bullhead natalis
Pollution Intolerant
Black Redhorse ~ Moxostoma Longear Lepomis Rosyface Shiner  Notropis
duquesnei Sunfish megalotis rubellus
Golden Redhorse  Moxostoma Mimic Shiner Notropis Sand Shiner Notropis
erythrurum volucellus stramineus
Greenside Darter  Etheostoma Northern Hypentelium Silver Shiner Notropis
blenniodes Hogsucker nigricans photogenis
Hornyhead Chub  Nocomis Rainbow Darter  Etheostoma Smallmouth Micropterus
biggutatus caeruleum Bass dolomieui
Least Brook Lampetra River Chub Nocomis Stonecat Noturus flavus
Lamprey aepyptera micropogon
Logperch Percina Rockbass Ambloplites
caprodes rupestris
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